INTRODUCTION
============

mRNA decay plays an important role in the control of gene expression and response to regulatory events. In both yeast and mammalian cells, bulk mRNA decay typically initiates with the removal of 3′ poly(A) tail followed by degradation of the mRNA in a 5′--3′ direction or a 3′--5′ direction ([@B1]). Degradation from the 3′ end is carried out by the cytoplasmic RNA exosome, which is a multisubunit 3′--5′ exoribonuclease complex ([@B2]), and the resulting cap structure is hydrolyzed by the scavenger decapping enzyme DcpS ([@B3]). In the 5′--3′ decay pathway, the monomethyl guanosine (m^7^G) mRNA cap is cleaved first by the Dcp2 decapping enzyme ([@B4; @B5; @B6; @B7]) and the monophosphate RNA is degraded progressively by the 5′--3′ exoribonuclease Xrn1 ([@B8],[@B9]).

Dcp2 is an RNA-binding protein and can only cleave cap structure that is linked to an RNA moiety ([@B10]). Uncapped RNA, but not cap analog, can inhibit Dcp2 decapping efficiently ([@B6],[@B7],[@B10]). These facts suggest that Dcp2 detects its cap substrate by RNA binding. The decapping activity of Dcp2 can be regulated by various protein factors. In yeast, Dcp1p forms a complex with Dcp2p and is required for optimum-decapping activity ([@B11],[@B12]). The Edc1p, Edc2p and Edc3p proteins, as well as Dhh1p and Lsm1--7 protein complex, are all reported to stimulate Dcp2p decapping ([@B13]). In mammals, an additional protein Hedls (also known as Edc4 and Ge-1) is also a positive effector of Dcp2 decapping ([@B14]). On the other hand, negative regulators of decapping such as eIF4E cap-binding protein and the poly(A)-binding protein (PABP) can inhibit Dcp2 decapping *in vitro* ([@B15; @B16; @B17; @B18; @B19]). The primate-restricted non-canonical 5′ cap-binding protein, VCX-A, was also identified as an inhibitor of Dcp2 decapping ([@B20]).

In addition to the regulation by protein factors, decapping enzymes themselves have been shown to contain substrate specificity. The X29 protein, which is the nuclear decapping enzyme, possesses substrate-preferential decapping activity. X29 can specifically bind the U8 snoRNA ([@B21],[@B22]) and in the presence of Mg^2+^, cap hydrolysis is highly specific for U8 snoRNA ([@B21],[@B23]); in contrast, in the presence of Mn^2+^, all RNAs tested are decapped at high efficiency ([@B23]). Similarly, we recently reported that Dcp2 could bind RNAs differentially and preferentially decap a subset of mRNA with higher efficiency ([@B24]). Particularly, we identified the 5′ terminus of the mRNA encoding a core subunit of the exosome, Rrp41, as a specific Dcp2 substrate. A 60-nt element at the 5′ end of the Rrp41 mRNA (which we termed 2xDE) was identified and shown to confer more efficient decapping onto a heterologous RNA both *in vitro* and upon transfection into cells ([@B24]). Moreover, reduction of Dcp2 protein levels in cells resulted in a selective stabilization of the Rrp41 mRNA, confirming it as a downstream target of Dcp2 ([@B24]).

In this study, we further characterized the 2xDE element by mutational analysis. We found that the first 33 nt are critical for Dcp2-decapping stimulation, and this region forms a stable stem-loop structure. Mutations that disrupt the stem-loop significantly reduced decapping activity by Dcp2, which can be restored by compensatory mutations that restore the stem-loop, suggesting the secondary structure, but not the primary sequence, is critical for Dcp2 recognition. A bioinformatic search identified a subset of mRNAs that have a comparable stem-loop structure at the 5′ end as potential Dcp2 substrates in cells. These data indicate that Dcp2 has the capability to directly and specifically regulate decapping of a subset of mRNAs in the cell.

MATERIALS AND METHODS
=====================

Generation of RNA *in vitro*
----------------------------

RNAs were *in vitro* transcribed from PCR-generated templates that contained the T7 bacteriophage promoter sequences at the 5′ end. Cap labeling was carried out as previously described ([@B25]). The 5′ 900 nt of Stx7 mRNA used as negative control for decapping in [Figures 1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"} were transcribed with T7 RNA polymerase from a template generated with primers 1 and 2. 2xDE RNA mutations used in decapping assays ([Figure 1](#F1){ref-type="fig"}A, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}A) were transcribed as chimeric RNAs with the coding region of the Stx7 RNA attached to the 3′ end (in order to maintain a uniform size for all the RNAs) by T7 RNA polymerase from templates generated by 3′ primer 2 and the following 5′ primers: for [Figure 1](#F1){ref-type="fig"}A, Mut1--10 was generated with primer 3; Mut11--22 with primer 4; Mut23--33 with primer 5; Mut34--44 with primer 6; and Mut45--55 with primer 7. For [Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}, mutant A was generated with primer 8; B with primer 9; C with primer 10; D with primer 11; E with primer 12; F with primer 13; G with primer 14; H with primer 15; and I with primer 16. The RNAs in [Figure 5](#F5){ref-type="fig"}A, 10-2xDE and 20-2xDE were generated with 5′ primers 29 and 30, respectively, and the same 3′ primer, 2. Templates for Ndufb7 mutant RNAs in [Figure 6](#F6){ref-type="fig"} were transcribed with T7 RNA polymerase using the same 3′ primer (primer 17) and the following different 5′ primers: wild type with primer 18; Mut35--44 with primer 19; and Mut2--11/35--44 with primer 20. For [Figure 7](#F7){ref-type="fig"}A, Hip1 RNA was generated with primer 21 and 22; Kcnj2 with primers 23 and 24; Zcrb1 with primers 25 and 26. Mutants of Hip1 RNA in [Figure 7](#F7){ref-type="fig"}B were generated with 3′ primer 22 and the following 5′ primers: Mut23--31 with primer 27 and Mut4--13/23--31 with primer 28. RNA probes used in the electrophoretic mobility shift assays were *in vitro* transcribed in the presence of \[α^32^P\]GTP from template generated by the following primer sets: for [Figure 1](#F1){ref-type="fig"}B, wild-type 2xDE was generated with primers 31 and 32; Mut1--10 with primers 3 and 32; Mut11--22 with primers 4 and 32; Mut23--33 with primers 5 and 33; Mut34--44 with primers 6 and 34; Mut45--55 with primers 7 and 35; Stx7 RNA with primers 1 and 36. For [Figure 5](#F5){ref-type="fig"}B, 10-2xDE was generated with primers 29 and 36; 20-2xDE with primers 30 and 36. All primer sequences are listed in [Supplementary Table 1](http://nar.oxfordjournals.org/cgi/content/full/gkp086/DC1). Figure 1.The first 33 nucleotides of the 2xDE element are critical for enhanced Dcp2 decapping and binding. (**A**) The first 33 nucleotides of the 2xDE are important for hDcp2 decapping. Decapping assays were carried out using increasing concentrations of bacterial expressed His-Dcp2 with cap labeled 2xDE wild-type or mutant RNAs as indicated or the Stx7 RNA negative control. Transversion mutations were generated where adenines were substituted by cytosines, thymines by guanosines, cytosines by adenines and guanosines by thymines. All RNAs were transcribed as chimeric RNAs with the coding region of Stx7 RNA linked to the 3′ end to maintain the same size as the negative control Stx7 RNA. The reaction products were resolved by PEI-TLC and the position of the capped RNA substrate and m^7^GDP decapping products indicated on the left. Decapping efficiency of wild-type 2xDE RNA with 60 ng of His-Dcp2 was designated as 100 and the corresponding decapping efficiencies of the 2xDE mutant RNAs obtained from three independent experiments are graphically presented on the right with standard deviation denoted by the error bars. Similar results were observed with the 30 ng protein assays. (**B**) The first 33 nucleotides of the 2xDE are important for binding of Dcp2. An electrophoretic mobility shift assay was carried out with increasing concentrations of His-Dcp2 and uniformly ^32^P-labeled uncapped RNA described in A. The slower migrating complex detected with the wild-type RNA was designated as the Dcp2-complex while the faster migrating complex detected with the Stx7 negative control was denoted as an alternate complex. Binding efficiency of wild-type 2xDE RNA with 2 µg of His-Dcp2 was designated as 100 and the corresponding binding efficiencies of the 2xDE mutant RNAs from three experiments are presented relative to the wild-type value on the right with standard deviation denoted by the error bars. A direct correlation between formation of the slower migrating complex and efficiency of decapping was observed.

*In vitro* RNA decapping assay
------------------------------

*In vitro* RNA decapping assays were carried out essentially as described previously ([@B26]). Reactions were carried out in 20 μl reaction volume with 25--100 ng of bacterial expressed recombinant Dcp2 protein incubated with cap-labeled RNA (2000 cpm) at 37°C for 30 min in IVDA-2 buffer (10 mM Tris--HCl at pH 7.5, 100 mM potassium acetate, 2 mM magnesium acetate, 0.5 mM MnCl~2~ and 2 mM dithiothreitol). An aliquot of each sample was resolved by phosphoethyleneimine-thin layer chromatography (PEI-TLC) developed in 0.45 M (NH~4~)~2~SO~4~ and exposed to PhosphorImager. Quantifications were carried out using a Molecular Dynamics PhosphorImager using ImageQuante-5 software. Percent decapping was determined as the level of m^7^GDP relative to total RNA used in the reaction.

Electrophoretic mobility shift assays
-------------------------------------

Electrophoretic mobility shift assays were carried out with *in vitro* transcribed \[α^32^P\]GTP uniformly labeled RNA substrate (∼4000 cpm per reaction). Binding reactions were carried out in RBB \[10 mM Tris (pH 7.5), 50 mM KCl, 1.5 mM MgCl~2~, 0.5 mM DTT\] with 1 or 2 μg of His-Dcp2 protein in a 20 µl total volume containing 1.5 μg yeast RNA and 0.25 μg heparin. Following a 25 min binding reaction at room temperature, the complexes were resolved on a 5% polyacrylamide gel (60:1 acrylamide:bis) in 0.5× Tris--borate--EDTA buffer at 8 V/cm and exposed to PhosphorImager.

RNase mapping
-------------

2xDE RNA was *in vitro* transcribed and incubated with Calf Intestinal Phosphatase (CIP) at 37°C for 1 h to dephosphorylate the 5′ end. A phenol/chloroform (1:1) extraction was carried out following the reaction to remove CIP. The dephosphorylated RNA was incubated with \[γ-^32^P\] ATP and T4 Polynucleotide Kinase (Ambion; Austin, TX) to label the 5′ end following the manufacturer\'s protocol. The 5′-end-labeled RNA (1500 cpm) was incubated with the indicated amounts of RNase A, RNase T1, RNase V1 (Ambion; Austin, TX) or alkaline hydrolysis buffer (Ambion; Austin, TX) following the manufacturer\'s instructions, and the digested products were resolved on a 15% polyacrylamide gel and exposed to PhosphorImager.

Bioinformatics search for Dcp2 substrates
-----------------------------------------

The PatSearch program and UTR database provided by this link (<http://www.ba.itb.cnr.it/BIG/PatSearch/>) was used to search available human 5′ UTR sequences ([@B27]). The stem-loop secondary structure constraint criteria consisted of an 8--15-nt stem portion with either perfectly paired or one mismatch with no bulge or a one-base bulge with no mismatch and a 6--15 nt loop. G--U base pairing was also permitted in addition to Watson--Crick base pairing. The following pattern was submitted to the PatSearch website: *r*1 = {at,ta,gc,cg,gt,tg} (*p*1 = 8 ... 15 6 ... 15--*p*1\[1,0,0\] \| *p*2 = 8 ... 15 6 ... 15--*p*2\[0,1,1\]). Human 5′ UTRs that adhered to the search criteria were returned with a proprietary reference ID. A Python script was developed to match and identify each reference ID to its gene description in the UTRdb from <ftp://bighost.ba.itb.cnr.it/pub/Embnet/Database/UTR/>.

RESULTS
=======

The first 33 nt of 2xDE is critical for Dcp2 binding and decapping
------------------------------------------------------------------

In a previous study, we identified the Rrp41 mRNA as a substrate that is specifically bound and decapped by the human Dcp2-decapping protein. In particular, we identified the first 60 nt of the 5′ UTR of Rrp41 mRNA, which contained an ∼30 nt imperfect repeated sequence to be sufficient and necessary for enhancing Dcp2 decapping that was termed 2xDE ([@B24]). To further uncover the mechanism of how this element facilitates Dcp2 decapping, we made a series of mutations within this element. Every 10 or 11 successive nucleotides were mutated within the 2xDE element as indicated in [Figure 1](#F1){ref-type="fig"}. Chimeric RNAs were *in vitro* transcribed harboring the various mutated 2xDE sequences placed upstream of the Stx7 mRNA sequence, which is normally a poor substrate for Dcp2 decapping ([@B24]). These RNAs were cap-labeled at the first phosphate following the methylguanosine (see 'Materials and Methods' section) and tested in an *in vitro* decapping assay with recombinant histidine-tagged Dcp2 (His-Dcp2) protein. Consistent with our previous report ([@B24]), the chimeric Stx7 RNA containing the wild-type (WT) 2xDE sequence at the 5′ end (lanes 1--3) displayed an enhancement of decapping of ∼4-fold relative to the level of decapping detected with the Stx7 RNA ([Figure 1](#F1){ref-type="fig"}, compare lanes 1--3 to 19--21). RNAs containing mutations within the first 33 nt of the 2x-DE (nt 1--10, 11--22 and 23--33) were less efficiently decapped by Dcp2 to a level comparable to that observed with the Stx7 RNA (lanes 4--12); while mutations of nt 34--44 or 45--55 were decapped at approximately wild-type 2xDE decapping levels. These results suggest that the first 33 nt of the 2xDE are critical for enhancement of Dcp2-mediated decapping.

To address whether the reduced decapping of the mutated RNAs correlated with reduced Dcp2 binding, we tested the binding of Dcp2 to each 2xDE mutant by electrophoretic mobility shift assays. The same series of mutated 2xDE elements were *in vitro* transcribed and uniformly ^32^P labeled and incubated with His-Dcp2. The bound complex was resolved by native gel electrophoresis and as shown in [Figure 1](#F1){ref-type="fig"}B, a specific Dcp2-RNA complex can be detected on the wild-type 2xDE RNA (lanes 2--3). A similarly migrating complex was inefficiently formed on the Stx7 control RNA (lanes 19--21). However, an alternate faster migrating band was observed ([Figure 1](#F1){ref-type="fig"}B, lanes 19--21). The resistance of the slower migrating complex formed on the wild-type RNA to RNase T1 treatment (Figure S1, lane 4) and sensitivity of the alternate complex to RNase T1 treatment (Figure S1, lane 8) suggests the faster migrating complex is non-specific and is primarily detected in the absence of a high-affinity-binding site. Furthermore, formation of the slower migrating Dcp2 complex observed on the wild-type 2xDE RNA was also more prominent on mutants that retained the ability to stimulate decapping ([Figure 1](#F1){ref-type="fig"}B, lanes 13--18). Interestingly, this complex was considerably diminished with the 2xDE RNAs containing substitutions within the first 33 nt that did not support stimulated decapping (lanes 4--12). These mutants were more likely to form the faster migrating alternate complex analogous to the one formed on the Stx7 RNA. Collectively, these data demonstrate that the first 33 nt of the 2x-DE are important for specific binding of Dcp2 that corresponded to enhanced decapping and appeared to constitute the functional unit of the 2xDE for Dcp2 activity.

The presence of a 5′-end stem-loop structure within the 2xDE
------------------------------------------------------------

The function of an RNA element can be attributed to either its primary nucleotide sequence or its higher order structure. Examination of the 2xDE element by MFold prediction revealed that there could be a stable stem-loop structure within the critical first 33 nt region ([Figure 2](#F2){ref-type="fig"}A). To determine whether this region can form a stable stem-loop structure, we carried out an RNase-mapping assay. The 2xDE RNA was transcribed *in vitro* and ^32^P-labeled at the 5′ terminus. The full-length RNA was gel purified and incubated with RNase A, RNase T1 or RNase V1. RNase A, which cleaves single-strand pyrimidines, showed strong cleavage of the 2xDE RNA at U18 and additional cleavages at C15 and C16 (lanes 3 and 4). RNase T1 cleaves at single-stranded guanosine residues and efficiently cleaved G17 and G20. RNase V1, which cleaves double-stranded regions of RNA, showed predominant cleavage from nt 5 to nt 12. The combined cleavage pattern of the three RNases is shown in [Figure 2](#F2){ref-type="fig"}B and is consistent with that predicted by the Mfold program. This confirms that the 5′ end region of the 2xDE can form a stable stem-loop structure, with the first strand of the stem containing nt 3--13, second strand containing nt 22--33 and an intervening loop of eight bases in between. Figure 2.The first 33 nt of the 2xDE forms a stem-loop secondary structure. (**A**) RNase mapping of the 2xDE element. *In vitro* transcribed and 5′-end ^32^P-labeled 2xDE RNA was incubated with the indicated RNases for 15 min and resolved by a 15% polyacrylamide gel. AH designates the alkaline hydrolysis lane to generate a single nucleotide ladder. A RNA size marker is shown on the rightmost lane. (**B**) Deduced secondary structure of the 2xDE RNA from A. Secondary structure of the 2xDE deduced by MFold program is shown along with the indicated RNase cleavage sites denoted by arrows. The predicted secondary structure is consistent with the RNase mapping results.

The 5′ stem-loop structure facilitates Dcp2 decapping
-----------------------------------------------------

To test whether the 5′ stem-loop structure within the 2xDE contributes to the enhanced decapping activity or whether the enhanced decapping can be attributed to the primary sequence, we generated a series of mutations that disrupted or regenerated the stem-loop structure as indicated in [Figure 3](#F3){ref-type="fig"}A and tested the *in vitro* decapping activity of each mutant. As shown in [Figure 3](#F3){ref-type="fig"}B, disruption of the stem-loop structure by mutating either the first strand (mutant A) or the second strand (mutant B) of the stem significantly decreased decapping of the RNA (lanes 4--9) to ∼20--40% of the activity of that detected with the wild-type 2xDE. To distinguish whether the decrease was due to changes in the primary or secondary sequence, a compensatory set of mutants was generated such that the primary sequence was changed but the stem-loop structure was restored (mutant C). Reconstituting the stem-loop recovered decapping to 80% of the wild-type level (lanes 10--12) indicating that the stem-loop structure and not the primary sequence within the 5′ end of 2xDE is important for Dcp2 recognition. An additional confirmation of this conclusion was provided with a mutation that flipped the two strands of the stem (mutant D), such that the mutant has the same stem-loop structure as the wild-type 2xDE but with a different primary sequence. Consistently, this mutant maintained the same level of decapping activity (lanes 13--15) as the wild-type element. Collectively, these data support the conclusion that the stem-loop structure at the 5′ end of the 2xDE element enhances Dcp2 decapping and constitutes a Dcp2 binding and preferential decapping element we will refer to as the Dcp2 binding and decapping element (DBDE). Figure 3.The intact stem-loop structure is critical for promoting Dcp2 decapping. (**A**) A schematic representation of the structures of the wild type and various mutant 2xDE RNAs are shown. WT, wild type; (A) mutations in the first strand of the stem; (**B**) mutations in the second strand of the stem; (**C**) complementary mutations in both strands of the stem; (**D**) the two strands of the stem are flipped. (B) Decapping assays were carried out with the indicated mutant 2xDE RNAs and the Stx7 negative control. Quantification of decapping efficiencies of each RNA obtained from three independent experiments are shown on the right with the decapping efficiency of wild-type 2xDE RNA arbitrarily set to 100 and the standard deviation (SD) denoted by the error bars. Labeling is as described in the legend to [Figure 1](#F1){ref-type="fig"}A.

Having demonstrated that the stem-loop structure was critical for Dcp2 recognition and decapping, we next set out to further determine parameters of the loop region and the length of the stem that can be tolerated as a substrate for Dcp2. An additional set of mutations was generated that changed the sequence within the loop region of the DBDE ([Figure 4](#F4){ref-type="fig"}A, mutant E); shortened the loop to 4 nt (mutant F) or increased it to 12 nt (mutant G); removed the single nucleotide bulge in the stem (mutant H); or shortened the stem to 7 bp (mutant I) by deleting the lower 4 bp of the stem. The decapping activity of each mutant was tested *in vitro* and compared to the wild-type 2xDE. As shown in [Figure 4](#F4){ref-type="fig"}B, the mutations in the loop region (E,F,G) had a moderate effect (20--30%) on the decapping activity of Dcp2, which suggest that nucleotides in the loop are not critical for Dcp2 recognition. The bulge in the stem appears dispensable for decapping stimulation since its removal (H) did not significantly compromise Dcp2 decapping of the RNA. Importantly, when the stem was shortened to 7 bp (I), the decapping activity significantly decreased to ∼30% of the wild-type level, suggesting a stem longer than 7 bp was required for Dcp2 recognition. Figure 4.Mutational analysis of the stem-loop structure. (**A**) A schematic representation of the predicted structures for the various mutant 2xDE RNAs are shown. WT, wild type; E, substitution of the loop region; F, deletion of the loop to four nucleotides; G, increase the loop to 12 nucleotides; H, deletion of the bulge at nucleotide 29; I, deletion of the lower 4 bp of the stem. (**B**) Decapping assays were carried out with the indicated mutant 2xDE RNAs and the Stx7 negative control. Decapping efficiencies from three independent experiments were quantitated for each RNA and graphically presented. The decapping efficiency of the wild-type 2xDE RNA was arbitrarily set to 100.

Requirement for cap proximity of the DBDE
-----------------------------------------

Since the DBDE exerts a function on the 5′ cap, we reasoned proximity to the cap might be an important parameter. The stem region of the Rrp41 DBDE begins 3 nt downstream of the cap. Decapping was significantly compromised when the stem-loop was positioned either 10 or 20 nt from the 5′ terminus of the RNA by the insertion of Stx7 sequences at the 5′ end ([Figure 5](#F5){ref-type="fig"}A, compare lanes 1--3 to lanes 4--6 and 7--9). To determine whether positioning of the DBDE relative to the 5′ cap influenced Dcp2 binding to the RNA, binding of Dcp2 to the variant RNAs was tested by an electrophoretic mobility shift assay. Consistent with the decapping data, movement of the DBDE distal to the cap, an addition 7 nt resulted in reduced formation of the slower migrating Dcp2--RNA complex as determined by the gel-shift assay ([Figure 5](#F5){ref-type="fig"}B, compare lanes 1--3 to lanes 4--6 and 7--9). These data indicate that the position of the stem-loop structure is important for facilitating enhanced Dcp2-mediated decapping and should be less than 10 nt from the 5′ end of the RNA. Figure 5.Positioning of the DBDE stem-loop structure less than 10 nucleotides from the 5′ cap is important for Dcp2-mediated enhanced decapping. (**A**) Decapping assays were carried out with wild type 2xDE RNA and 2xDE RNA containing 10 or 20 nucleotides of the Stx7 5′ end sequences. All RNAs were transcribed as chimeric RNAs with the coding region of Stx7 RNA attached to the 3′ end to maintain the same size as the negative control Stx7 RNA. Labeling is as described in the legend to [Figure 1](#F1){ref-type="fig"}A. (**B**) Electrophoretic mobility shift assays were carried out with [^32^]{.smallcaps}P-uniformly labeled uncapped RNAs described in A above. Binding efficiencies relative to the wild-type RNA from two experiments are presented on the right with standard deviation denoted by the error bars. Labeling is as described in the legend to [Figure 1](#F1){ref-type="fig"}B.

Generality of decapping enhancement by a stem-loop structure at the 5′ end of an mRNA
-------------------------------------------------------------------------------------

The dependence on structure rather than sequence of the DBDE indicates that the presence of this element at the 5′ end of other mRNAs could also promote decapping by Dcp2. As an initial approach, we first examined mRNAs that we recently demonstrated are specifically copurified with Dcp2, including the mRNA encoding Rrp41 and the Ndufb7 mRNA ([@B24]). Similar to the predicted structure of the Rrp41 mRNA, MFold predictions of the Ndufb7 mRNA also revealed a stem-loop structure at the 5′ terminus ([Figure 6](#F6){ref-type="fig"}A). We tested the decapping activity of Dcp2 on this mRNA by an *in vitro* decapping assay. As shown in [Figure 6](#F6){ref-type="fig"}B, compared to the Stx7 mRNA negative control (lanes 10--12), the Nudfb7 mRNA demonstrated a 2.5-fold enhancement of decapping activity (lanes 1--3). To test whether the predicted stem-loop structure influenced the decapping, nucleotides 35--44 in the second strand of the predicted double-stranded stem region were mutated. The RNA containing this mutation was decapped with a ∼40% reduced efficiency (lanes 4--6). However, a compensatory mutation of nt 2--11 in the first strand fully restored decapping activity (lanes 7--9). This result suggests the predicted stem-loop structure contributes to decapping of the Ndufb7 mRNA and could be a general modulator of mRNA decapping. Figure 6.The Ndufb7 5′ UTR stem-loop structure is also capable of enhancing decapping. (**A**) A schematic of the Ndufb7 5′UTR predicted secondary structure is shown with the numbers denoting the nucleotides from the 5′ end. (**B**) Decapping assays were carried out with the indicated Ndufb7 RNAs and Stx7 negative control. WT, wild type; Mut35--44, mutations in nucleotides 35--44 to disrupt the second strand of the stem; Mut2--11/35--44, complementary mutations in both strands of the stem that maintain the same structure. Decapping efficiency quantitations for each RNA obtained from three independent experiments are shown with the decapping efficiency of wild-type Ndufb7 RNA arbitrarily set to 100. Labeling is as described in the legend to [Figure 1](#F1){ref-type="fig"}A.

To further test the predictive potential of the DBDE, the human 5′UTR database was searched for mRNAs that could potentially form a 5′ stem-loop structure analogous to the DBDE. The bioinformatics search parameters included a stem region ranging from 8--15 bp and the loop ranging from 6--15 nt positioned in the proximity of the 5′ cap. Two hundred and thirty-nine mRNAs with the potential of forming a stem-loop structure starting within 10 nt of the 5′ termini (Table S2) were identified. Each mRNA was subsequently subjected to MFold prediction to determine which mRNAs are likely to form the stem-loop structure within the context of the entire 5′UTR. Three representative examples were chosen for further analysis. The Hip1 and Kcnj2 mRNA 5′ ends have the potential of forming a DBDE-like stem-loop structure and are expected to be preferentially decapped by Dcp2. The third RNA, Zcrb1, also has the propensity to form a stem-loop structure, but the stem region is expected to be positioned 10 nt from the 5′ end. Based on our analysis in [Figure 5](#F5){ref-type="fig"}, this RNA should not be recognized as a Dcp2 substrate and is not expected to be efficiently decapped. The DNA corresponding to the first 150 nt of each mRNA was transcribed *in vitro* with T7 polymerase, cap labeled with ^32^P and tested in an *in vitro* decapping assay with Dcp2. As expected, the Hip1 RNA was decapped at an efficiency 3-fold greater than the Stx7 control RNA ([Figure 7](#F7){ref-type="fig"}A, compare lanes 1--3 to 10--12). Similarly, the Kcnj2 RNA was 2-fold more efficiently decapped (lanes 4--6). Interestingly, the Zcrb1 RNA, which is predicted not to be preferentially decapped, was decapped at a level comparable to that of the Stx7 negative control (lanes 7--9). Figure 7.Enhancement of decapping by DBDE-like 5′ end stem-loop structure in cellular mRNAs. (**A**) Decapping assays were carried out with Hip1, Kcnj2 and Zcrb1 RNAs, which are all predicted to contain potential stem-loop structures at their 5′ end and the Stx7 RNA. Decapping efficiency of Stx7 RNA was arbitrarily set to one and the fold increase relative to Stx7 decapping is plotted. Quantitations were obtained from three independent experiments and the standard deviations are denoted by the error bars. (**B**) Schematic of the Hip1 5′ UTR wild-type and substitution mutations are shown. WT, wild type; Mut23--31, mutations in nucleotides 23--31 to disrupt the second strand of the stem; Mut4--13/23--31, complementary mutations in both strands of the stem that maintain the same structure. (**C**) Decapping assays were carried out with the RNAs depicted in B and resolved by PEI-TLC. Labeling is as in the legend to [Figure 1](#F1){ref-type="fig"}A. Quantification of the decapping efficiency for each RNA obtained from three independent experiments are shown on the right with the decapping efficiency of wild-type Hip1 RNA arbitrarily set to 100.

To further substantiate that the increase in decapping observed with the Hip1 RNA was a consequence of the stem-loop structure, the putative stem structure was mutated. To minimize alterations of primary sequence adjacent to the 5′ cap, mutations were introduced in the cap distal strand of the stem at nt 23--31 ([Figure 7](#F7){ref-type="fig"}B). As shown in [Figure 7](#F7){ref-type="fig"}C, this mutation significantly reduced the decapping activity by about 50% (lanes 4--6). Compensatory changes in nt 2--11 designed to reform base pairing and formation of the stem also restored decapping activity to 80% of the wild-type level, indicating that the intact stem-loop structure is important for the enhancement of decapping in this RNA as well. Collectively, our data indicate that Dcp2 can recognize and preferentially decap mRNAs containing a stem-loop structure at their 5′ end.

DISCUSSION
==========

In this study, we expand on our recent demonstration that Dcp2 can selectively bind to the 2xDE at the 5′ end of the Rrp41 mRNA ([@B24]). The binding region was identified as the first 33 nt of the 2xDE termed the DBDE, which forms a stable stem-loop structure. Importantly, the intact stem-loop secondary structure but not the primary sequence was responsible for enhanced Dcp2-directed decapping. Furthermore, a bioinformatics search for mRNAs that harbor a DBDE-like stem-loop in the 5′UTR identified a subset of mRNA with the propensity to form such a structure. Interestingly, the tested RNAs with a DBDE-like element positioned within 10 nt of the 5′ cap were preferentially decapped, indicating that the DBDE 5′ end stem-loop structure could be a general predictor of mRNAs that could be specifically regulated by Dcp2 decapping.

The 2xDE element, consisting of the first 60 nt of the Rrp41 mRNA 5′UTR, is an element that is specifically bound by Dcp2 and can enhance the decapping of a heterologous RNA when placed at the 5′ end ([@B24]). The element contains two stretches of similar sequences from nt 1--25 and 26--60, each of which was found to partially enhance Dcp2 decapping ([@B24]). We have now further refined these findings to show that the first 33 nt of the 2xDE termed DBDE are sufficient for the Dcp2 recognition and enhanced decapping ([Figure 1](#F1){ref-type="fig"}A). The functional significance of the second element is currently unclear since its positioning ∼30 nt from the 5′ cap would be expected to not promote decapping. It was only when artificially positioned at the 5′ end of an RNA that its stimulatory effect was observed ([@B24]). Whether it can serve to augment the recruitment of Dcp2 in cells at its endogenous position 30 nt distal to the cap remains to be determined.

RNA-binding proteins can recognize their RNA substrates by either the primary sequence or the higher order structure of the RNA. Binding of the iron response element (IRE)-binding protein (IRP) to the IRE is one example of the importance of structural integrity to RNA binding. IRP binding to the ferritin mRNA 5′UTR is dependent on the IRE stem-loop structure ([@B28]). Similarly, the SECIS-binding proteins recognize a SECIS element, which is a structural motif that directs the cell to translate UGA codons as selenocysteines ([@B29]). In this study, we found that the intact stem-loop structure within the 5′ end of the Rrp41 mRNA 2xDE element is critical for promoting Dcp2 decapping. The Dcp2 protein appears to recognize the secondary structure of its target RNAs, but not the primary sequence, since alterations in the primary sequence of the stem-loop structure did not have a significant effect on Dcp2 decapping ([Figure 3](#F3){ref-type="fig"}, mutants C and D).

The stem-loop structure within the first 33 nt of 2xDE consists of a double-stranded stem region of 11 bp with a single nucleotide bulge at position 29 and a single-stranded loop region of 8 nt. Mutational assays in the stem-loop region in the 2xDE indicated that the exact nucleic-acid sequences in the stem or in the loop region are not important for Dcp2 decapping. The single nucleotide bulge is also dispensable for Dcp2 decapping ([Figure 4](#F4){ref-type="fig"}, mutant H). Increasing the size of the loop to 12 nt ([Figure 4](#F4){ref-type="fig"}, mutant G) resulted in a slight increase in decapping activity, while decreasing the size of the loop to 4 nt ([Figure 4](#F4){ref-type="fig"}, mutant F) modestly decreased the decapping activity, suggesting the size of the loop does not significantly contribute to the promotion of decapping. In contrast to the loop, the length of the stem was important to decapping. Decreasing the size of the stem region to less than 8 bp resulted in a significant reduction of decapping activity, indicating either the Dcp2 protein requires more than 7 bp to recognize the RNA or shortening the stem compromises the structural integrity of the overall stem-loop structure.

The position of the stem-loop structure relative to the 5′ end of the RNA was also found to be critical for Dcp2-mediated stimulation of decapping. The stem-loop structure functioned optimally in decapping stimulation when it was located at the 5′ end. We had previously reported that Dcp2 is a non-canonical cap binding protein that likely contains dual RNA-binding and cap-binding properties ([@B10]). Placing the stem-loop structure 10 nt downstream of the 5′ cap diminished decapping stimulation by the element and reduced its capacity to form the Dcp2 complex observed on the wild-type 2xDE RNA ([Figure 5](#F5){ref-type="fig"}) indicating the distance between these two elements is important. However, Dcp2 is capable of binding to an RNA molecule lacking a 5′ cap, therefore, preferential binding when the stem-loop is proximal to the 5′ termini suggests a role for the 5′ terminus irrespective of the presence or absence of the cap ([Figure 5](#F5){ref-type="fig"}). It is likely that the requirement is for a 5′ end, but not necessarily for a cap since the binding assays carried out in [Figures 1](#F1){ref-type="fig"}B and [5](#F5){ref-type="fig"}B were carried out with uncapped RNA. Structural analysis of the nuclear X29 decapping enzyme revealed the m^7^G nucleobase of the cap is exposed to solvent and is surprisingly devoid of extensive contacts with the X29 protein ([@B30]). Whether a similar scenario exists for Dcp2 remains to be determined although its specificity for methylated capped RNA also implies direct contact with the cap.

An important observation from the binding studies in [Figures 1](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"} was the detection of two distinct Dcp2 complexes. RNAs that contained a DBDE within 10 nt of the 5′ end and were subjected to stimulatory decapping by Dcp2, formed a specific slower migrating complex compared to a faster migrating band on RNAs lacking a DBDE-like element within the first 10 nt ([Figures 1](#F1){ref-type="fig"}B and 5B). The recent structural demonstration that Dcp2 can exist in a closed productive or open non-productive conformation ([@B31],[@B32]) could be one explanation for our observations. The slower migrating Dcp2 complex could represent Dcp2 binding to the RNA in the closed productive confirmation while the faster migrating alternative complex represents binding in a non-productive open conformation. Sensitivity of the alternative complex to RNase treatment (Figure S1) further supports this premise. Future kinetic and structural analysis of Dcp2 in conjunction with RNA could address these possibilities.

The *C. elegens* splice leader (SL) RNA that functions as a donor for the *trans*-splicing reaction, which incorporates the 5′ end 22 nt of this mRNA onto the 5′ end of ∼70% of *C. elegans* mRNAs ([@B33]), is efficiently decapped by Dcp2 ([@B34]). However, mRNAs containing the 22-nt trans spliced SL sequence at the 5′ end were inefficiently decapped ([@B34]). Consistent with our study, the initial 30 nt of the SL RNA can fold into a stem-loop structure within the context of the SL RNA ([@B35]), which is likely disrupted in the trans spliced mRNAs that only contain the first 22 nt of the SL RNA. In addition, all trypanosome mRNAs contain a 39 nt spliced leader sequence at their 5′ end, and this sequence has been shown to inhibit Dcp2-like decapping activity in trypanosome extract ([@B36]). Although this region has been proposed to adopt two forms of secondary structures containing an internal stem-loop ([@B37]), the proposed stem-loop structures are more than 10 nt downstream of the 5′ cap, which might explain their poor decapping propensity.

A second decapping enzyme, the Xenopus X29 nuclear decapping enzyme, has also been shown to possess transcript-specific decapping activity. X29 specifically binds and decaps the U8 snoRNA ([@B21],[@B22]). Similar to the binding of Dcp2 to the 2xDE, the binding of X29 to U8 snoRNA is also independent of cap structure, since X29 binds uncapped U8 RNA with the same efficiency as the capped U8 RNA ([@B21]). The 5′ end 40 nt of U8 RNA were shown to be required, but not sufficient for X29 binding ([@B21]). Interestingly, the 5′ 40 nt of U8 RNA also form a stem-loop structure ([@B38]), which may suggest the preference for stem-loop structures at the 5′ end is not restricted to Dcp2, but also adopted by other decapping proteins. However, unlike Dcp2, which requires the stem-loop to start within 10 nt from 5′ cap, the stem-loop in U8 snoRNA starts 12 nt downstream of the cap indicating some discrepancies between Dcp2 and X29.

A search of all currently available human RNA 5′ UTRs in the 5′ UTR database (see 'Materials and Methods' section) revealed 239 mRNAs containing the potential to form a DBDE-like structure starting within the first 10 nt from the 5′ end of the mRNA. Although the search parameters identify local regions of the RNA capable of forming the stem-loop structure, further analysis of each mRNA within the context of the entire 5′ UTR by MFold program predicted ∼20% of these mRNAs could form a stable stem-loop structure at the 5′ end. Therefore, only a small subset of mRNAs appears to have the capacity to form into an appropriate structure that would render them as direct substrates of Dcp2 decapping in cells. Of the three mRNAs, we further characterized, Hip1 RNA was the most efficiently decapped and contains a 13-nt stem with a single nucleotide bulge and a 9-nt loop region. The Kcnj2 RNA contains a 9-nt stem with one mismatch and an 8-nt loop. It had a modest 2-fold increase in decapping activity compared to the Stx7 RNA negative control. The Zcrb1 RNA contains a 9-nt stem and a 7-nt loop but was located 10 nt downstream of the cap structure and as expected was not decapped at a level greater than that observed with the negative control. These data indicate that a general stem-loop structure formed at the 5′ terminus of an RNA, of which the primary sequence and the composition may vary, is capable of promoting Dcp2 decapping. Furthermore, this feature can be used to predict potential Dcp2 target RNAs in cells. However, considering multiple positive and negative regulators of Dcp2 decapping have been reported ([@B13]), it is likely that decapping is regulated by the combined total contributions of both the direct intrinsic properties of Dcp2 to associate with the 5′ cap as well as the decapping auxiliary proteins that will dictate the consequence of Dcp2 on an mRNA. Our studies now provide a framework for future studies addressing the direct and indirect decapping activities of Dcp2 on mRNAs in cells.
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